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Edited by Ned ManteiAbstract Raver2 was identiﬁed as a novel member of the
hnRNP family based on sequence homology within three RNA
recognition motifs and its general domain organization reminis-
cent of the previously described raver1 protein. Like raver1,
raver2 contains two putative nuclear localization signals and a
potential nuclear export sequence, and also displays nucleo-
cytoplasmic shuttling in a heterokaryon assay. In glia cells and
neurons, raver2 localizes to the nucleus. Moreover, the protein
interacts with polypyrimidine tract binding protein (PTB) sug-
gesting that it may participate in PTB-mediated nuclear func-
tions. In contrast to ubiquitously expressed raver1, raver2
exerts a distinct spatio-temporal expression pattern during
embryogenesis and is essentially restricted to brain, lung, and
kidney in the adult mouse.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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protein1. Introduction
Heterogeneous nuclear ribonucleoproteins (hnRNPs) com-
prise a diverse family of RNA-binding proteins, many of which
are characterized by their RNA recognition motifs (RRM, [1]).
Thesemotifs not only function inRNAbinding but alsomediate
protein–protein interactions. The formation of homo- and
heterodimers has been reported [2,3]. HnRNPs mainly reside
in the nucleus, even though many of them may shuttle between
the nuclear and cytoplasmic compartment. Hence, they have
been implicated to be involved in various cellular processes, such
as RNA processing, RNA transport, and translational control
[4]. Recently, hnRNP U has also been described to be function-
ally associated with actin and RNA polymerase II suggesting an
additional role for hnRNPs in transcription [5].
The dual compartment protein raver1 is a ubiquitously ex-
pressed hnRNP that localizes to nuclei in most cell types,Abbreviations: bipro, birch proﬁlin; hnRNP, heterogeneous nuclear
ribonucleoprotein; PTB, Polypyrimidine tract binding protein; RRM,
RNA recognition motif
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doi:10.1016/j.febslet.2005.07.001where it may interact with the polypyrimidine tract binding
protein (PTB/hnRNPI) [6], an important regulator of alterna-
tive splicing of several genes [7]. However, in diﬀerentiated
muscle cells raver1 translocates to the cytoplasm and is eventu-
ally recruited to the sarcomeric Z-line [6]. While the cytoplas-
mic function of the protein remains to be shown, it has been
demonstrated that overexpressed raver1 aﬀects PTB-mediated
splicing in transfected PAC1-cells in culture [8]. To search for
proteins related to raver1, a database analysis was performed.
Here, we report the identiﬁcation and initial characterization
of raver2, a novel hnRNP. While raver2 shares the overall do-
main organization, the capacity for nucleo-cytoplasmic shut-
tling, and PTB-binding with raver1, it signiﬁcantly diﬀers in
its spatio-temporal expression pattern.2. Materials and methods
2.1. Cloning of raver2 cDNA
RNA was isolated from mouse brain (see below), and subjected to
RT-PCR with the following primers to obtain the raver2 open reading
frame (accession no. NM_183024): GGAATTCATGCGACC-
GGAGCTGAG (sense) GCTCGAGTTAGTACACACGCTTCTT
(reverse). These primers also introduced EcoRI and XhoI sites at the
5 0 and 3 0 end, respectively. The PCR product was subcloned into the
following vectors: pQE-30 (Qiagen, Hilden, Germany), pGBKT7,
pGADT7 (Clontech, Heidelberg, Germany), pEGFP-C2 (Clontech),
a derivative thereof, harbouring a FLAG tag between BglII and EcoRI
restriction sites and a modiﬁed pcDNA3 (Invitrogen, Karlsruhe,
Germany) containing a birch proﬁlin epitope tag (bipro; [9]).
2.2. RNA expression analysis
Total RNA was isolated from embryonic and adult mouse tissues
using PeqGOLD RNA Pure Kit (peqlab, Germany), separated on
0.8% denaturing formaldehyde-agarose gels and analysed on Northern
blots. Blot hybridizations were performed at 65 C in CHURCH buﬀer
[10] using radioactively labeled probes for raver2 (1.1 kb EcoRI/PmeI
fragment of cDNA) and raver1 (3 kb EcoRI/XhoI fragment).
Whole mount in situ hybridizations were carried out on E8.5 to
E12.5 mouse embryos as described [11]. To generate RNA hybridiza-
tion probes raver2 cDNA lacking the three RRMs (R2DRRM123)
was cloned into pcDNA3 vector, linearized with EcoRI, and tran-
scribed with Sp6-polymerase (antisense probe). Sense control was gen-
erated from the same vector with XhoI and T7-polymerase. Vibratome
sections were performed according to standard procedures.
2.3. Cell culture and transfection
Primary cultures of hippocampal neurons were prepared as de-
scribed [12]. Hippocampi were removed from E19 rat embryos, disso-
ciated by trypsinization for 20 min at 37 C and trituration. Cells were
then plated on poly-lysine-coated glass coverslips (Karl Hecht AG) as
described [13]. HeLa and C2C12 cells were cultured in Dulbeccoss
modiﬁed Eagles medium (DMEM) supplemented with 10% fetal calfblished by Elsevier B.V. All rights reserved.
Fig. 1. Raver2, a novel protein of the hnRNP family. (A) Schematic
representation of raver2 and raver1. Note that the RRMs (black boxes
1–3), the nuclear localization signals (NLS1 and NLS2) and the
leucine-rich potential nuclear export sequence (LRR) are arranged in a
similar fashion in both polypeptides. (B) Sequence comparison of
highly conserved RNP-2 and RNP-1 motifs within individual RRMs
of the related hnRNP family members raver1, ELAV (Embryonic
B. Kleinhenz et al. / FEBS Letters 579 (2005) 4254–4258 4255serum (FCS). Transfections were performed with FuGENE 6 (Roche,
Indianapolis, USA) according to the manufacturers recommendation.
Heterokaryon formation of HeLa and mouse C2C12 cells was per-
formed as described [6].
2.4. Antibodies and immunoanalyses
A raver2-speciﬁc mouse monoclonal IgG1 antibody was raised
against a C-terminal peptide (LRNEKRGSSYLIS, aa 580–592) and
was employed in immunoﬂuorescence analyses and immunoblotting.
The following additional antibodies were used: monoclonal raver1
antibody 5G6 [6], antibodies against FLAG tag (M2, Sigma–Aldrich,
Taufkirchen, Germany) and bipro tag (4A6, [9]), the monoclonal vin-
culin antibody hVin1 (Sigma–Aldrich), a monoclonal PTB antibody
(BB7, a kind gift from C.W. Smith, Cambridge, UK) and a polyclonal
antiserum against actin (Sigma–Aldrich). Alexa Fluor 568 goat anti
mouse IgG, Alexa Fluor 488 goat anti rabbit IgG (Molecular Probes,
Eugen, OR, USA) and peroxidase-conjungated rabbit anti mouse IgG
or goat anti rabbit IgG (Sigma–Aldrich) were used as secondary anti-
bodies. Immunoﬂuorescence analyses and immunoblots were essen-
tially performed as described [14,15]. Protein extracts for
immunoblots were prepared from tissues of mouse embryos. Dissected
samples were immediately pulverized in liquid nitrogen and 1 g of pow-
der was sonicated in 4 ml of ice-cold buﬀer containing 20 mM Tris, pH
8.0, 100 mMNaCl, 0.5 mM EDTA, 0.2% SDS supplemented with pro-
tease inhibitors. Insoluble material was removed from extracts by cen-
trifugation (13 000 · g for 30 min at 4 C).
2.5. Yeast two-hybrid analysis
A yeast two-hybrid screen of a cDNA library from E17.5 mouse em-
bryo was performed with full length raver2 as bait using matchmaker
I–III (Clontech) in the yeast strain HF7c. PTB1 was identiﬁed as li-
gand and subcloned into pcDNA3 and pQE-30 which carries the N-
terminal FLAG tag.
2.6. Protein expression, puriﬁcation and analysis
Tagged raver2 and PTB1 proteins were synthesized using the pro-
karyotic expression vectors pQE-30 bipro and pQE-30 FLAG, respec-
tively. His-tagged proteins were puriﬁed from Escherichia coli strain
ER2566 (New England Biolabs, Frankfurt am Main, Germany)
according the manufacturers instructions (Qiagen) with slight modiﬁ-
cations [15]. Fractions containing the protein of interest were dialyzed
against storage buﬀer (20 mM HEPES pH 7.9, 100 mM KCl, 0.2 mM
EDTA, 5% glycerol, 0.5 mM DTT). Proteins were stored on ice.
Protein–protein interactions were analyzed in dot overlays essen-
tially as described [15] with increasing amounts of recombinant raver2
or PTB1. Bound protein was detected by FLAG or bipro antibodies.
The solid phase binding assays were performed according to [14] with
slight modiﬁcations. 25 pmol PTB1 or BSA were coated per well and
overlaid with raver2 (0–100 pmol). Bound raver2 protein was moni-
tored with the bipro antibody.Lethal Abnormal Vision), PTB/hnRNPI (polypryrimidine tract bind-
ing protein), ROD (Regulator Of Diﬀerentiation) with raver2. Iden-
tical amino acids in raver2 and raver1 are boxed. (C) Dendrogram
based on raver2 ESTs from indicated vertebrate species. Numbers in
parentheses give sequence conservation relative to the mouse sequence.
The phylogenetic tree was generated by the MegAlign program.3. Results and discussion
3.1. Identiﬁcation of raver2
In database searches for proteins related to the dual com-
partment protein raver1 [6], a murine cDNA clone
(A430091022Rik, Accession no. NM_183024) was identiﬁed
containing an open reading frame for a putative protein of
625 amino acids (MW 72 kDa). The deduced amino acid se-
quence revealed a similar overall organization of functional
domains as compared to raver1: three N-terminal RNA recog-
nition motifs (RRM), two putative nuclear localization signals
(NLS) at the N- and C-termini and a central leucine-rich re-
gion (Fig. 1A). Within each RRM the conserved blocks of
six and eight amino acids (RNP-2 and RNP-1, respectively)
[16,17] displayed highest sequence identity with the corre-
sponding regions of raver1 as compared to other related
hnRNP proteins. This prompted us to call the new protein ra-
ver2 (Fig. 1B). Outside the conserved RRMs, both raver pro-teins were fairly diverged in sequence with an overall
homology of approximately 45%. Expressed sequence tags
(EST) representing raver2 were only detected in vertebrates
with sequence conservation reaching from 94.8% amino acid
identity in the rat protein to 64% conservation in Xenopus ra-
ver2 (Fig. 1C). Taken together our data provide evidence that
in addition to the previously identiﬁed raver1 another related
gene, referred to as raver2, is present in vertebrates and both
genes may possibly exert similar or overlapping functions.
3.2. Expression of raver2 during mouse embryogenesis and in
adult animals
General raver2 expression levels during prenatal mouse
development were ﬁrst examined by Northern blot analysis
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transcripts were readily detected at all examined developmen-
tal stages, quite similar to the expression levels of raver1. In
adult mice, however, expression of raver2 appeared highly re-
stricted to only a few organs including brain, lung, and kidney,
while raver1 was expressed ubiquitously both in embryonic
and adult mouse tissues (Fig. 2B). To obtain the spatio-tempo-Fig. 2. Expression of raver2 during mouse embryogenesis and in adult
tissues. Northern blot analysis of RNA isolated from E8.5-E14.5
mouse embryos (A) and diﬀerent tissues of adult mice (B). Hybrid-
ization probes for raver2, raver1, and 18s rRNA used as loading
control are indicated. (C) Whole mount in situ hybridizations of E8.5-
E12.5 mouse embryos with raver2 antisense RNA probe (b–f) and
sense RNA controls (a, g) reveal spatio-temporal expression pattern in
distinct structures. (D) Transversal (1, 2, 4ab) and sagittal (3) sections
of whole mount embryos shown in (C) conﬁrm the regional distribu-
tion of raver2 transcripts. ba: branchial arch; d: dorsal; drg: dorsal root
ganglia; fb: forebrain; hb: hindbrain; lb: limb bud; mb: midbrain; ne:
neuroepithelium; nt: neural tube; v: ventral.ral expression pattern of raver2 during embryogenesis, whole
mount in situ hybridizations were performed on E8.5 to
E12.5 mouse embryos (Fig. 2C). At E8.5 raver2 expression be-
gan in neuroepithelium and continued in dorsal regions of
fore-, mid-, and hindbrain. It was also expressed in dorsal root
ganglia, branchial arches, and the developing limb buds. Dis-
tinct regional expression in the various structures was also
demonstrated on transversal and sagittal sections (Fig. 2D).
In order to investigate the expression pattern and subcellular
localization of raver2 a monoclonal antibody was generated.
HeLa cells were transfected with raver1 or raver2 constructs
equipped with the bipro tag to monitor raver protein expression
and speciﬁcity of the raver2 antibody. The antibody speciﬁcally
detected the 72 kD recombinant raver2 protein expressed in
HeLa cells on immunoblots and failed to crossreact with raver1
(Fig. 3A). The same antibody also detected fairly constant levels
of endogenous raver2 protein on immunoblots loaded with ex-
tracts from mouse embryos of various developmental stages
(Fig. 3B), in good agreement with the mRNA levels determined
on Northern blots. The subcellular distribution of raver2 was
tested in isolated primary hippocampal neurons and glia cells
in immunoﬂuorescence. In both cell types, which were identiﬁed
by the expression of the cell-speciﬁc proteinsMAP2 andGFAP,
respectively, the raver2 antibody detected its antigen exclusively
in the nuclei (Fig. 3D). Notably, in proliferating and diﬀerenti-
ated neuroblastoma cells in culture (NSC-19, N2a) raver2 was
not detectable, in contrast to raver1 (Fig. 3C). In summary,
these data indicate that murine raver2 is more restricted in its
expression pattern as compared to raver1. While the latterFig. 3. Cellular and subcellular distribution of raver2 protein. (A)
Immunoblot analysis of cell extracts from HeLa cells transfected with
raver2 and raver1 expression vectors bearing an N-terminal bipro tag.
The antibody (4C8) recognizes raver2 but not raver1 (left blot). Similar
expression of both raver proteins in HeLa cells was conﬁrmed with the
bipro antibody (right blot). (B) Immunoblot analysis of extracts from
mouse embryos (E12.5-E16.5) with antibodies against raver2 (upper
panel), raver1 (center panel) and actin (lower panel). (C) Raver2 is not
expressed in proliferating and diﬀerentiated (diﬀ) neuroblastoma cell
lines (NSC-19, N2a). Cell extracts were also analyzed for raver1
(middle panel) and vinculin (lower panel), both present in cultured
cells. (D) Endogenous raver2 is expressed in primary rat neurons and
glial cells. Merged immunoﬂuorescence images of raver2 (red) with
MAP2 (green) in neurons (left panel) and GFAP (green) in glia cells
(right panel) are shown. Bars 10 lm.
Fig. 5. Identiﬁcation of the polypyrimidine tract binding protein PTB1
as a ligand for raver2. (A) Yeast two-hybrid analyses of raver2 and
PTB1, ﬁrst identiﬁed as a binding partner by screening of a E17.5
embryonic cDNA library. Both proteins were fused to the DNA
binding domain (BD) or activation domain (AD) of the GAL4
transcription factor and tested for interactions in a b-galactosidase
ﬁlter assay as indicated. Empty vectors were used as controls. (B)
Protein–protein overlay assays using recombinant proteins. SDS–
PAGE of the recombinant proteins employed, with the position of
marker proteins given (left panel). PTB1 binds to increasing amounts
of immobilized raver2 (center panel) and vice versa (right panel) but
not to BSA. (C) Solid phase binding assay (ELISA) with 25 pmol of
recombinant PTB immobilized on microtiter plates and subsequently
overlaid with increasing amounts of raver2 as indicated. Bars represent
three independent measurements including the standard deviation.
Controls: C1: wells coated with BSA; C2: wells coated with PTB, BSA
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the endogenous protein is clearly expressed in neuronal struc-
tures. Hence, raver2 may be involved in a particular step in neu-
ronal diﬀerentiation that is not required for the diﬀerentiation
of cultured neuronal cell lines.
3.3. Raver2 displays nucleo-cytoplasmic shuttling in
heterokaryons
The recognized putative NLS and leucine-rich NES se-
quences implied that raver2, similar to raver1, may shuttle be-
tween nuclear and cytoplasmic compartments (Fig. 1A). To
test this possibility an interspecies heterokaryon assay was per-
formed. Human HeLa cells transiently expressing raver2-
EGFP fusion protein were fused with mouse C2C12 myoblasts
in the presence of cycloheximide to prevent de novo protein
synthesis. The non-shuttling hnRNP-C2-EGFP fusion protein
was also expressed in HeLa cells and served as a control [18].
Four hours after cell fusion raver2-EGFP fusion protein was
found in both, HeLa and C2C12 cell nuclei of heterokaryons,
which can be readily distinguished by their DAPI staining pat-
terns (Fig. 4). In contrast, hnRNP-C2-EGFP remained exclu-
sively in human nuclei. This result suggests that raver2 can
translocate between nucleus and cytoplasm, although so far
the endogenous protein has been only observed in nuclei.
However, predominant nuclear occupancy has also been de-
scribed for most shuttling hnRNPs [1,4] which may indicate
that prolonged cytoplasmic presence of these proteins is not re-
quired for their physiological functions.
3.4. Raver2 interacts with PTB/hnRNPI
In a yeast two-hybrid screen using raver2 as bait, we identi-
ﬁed PTB1 as a ligand of raver2 (Fig. 5A). In order to conﬁrm
this interaction full length PTB1 and raver2 were expressed in
E. coli and the recombinant proteins were tested for mutual
binding in a protein–protein overlay assay (Fig. 5B). Recombi-
nant raver2 (center panel) or PTB proteins (right panel) were
immobilized on nitrocellulose membrane at increasing concen-
trations (0.8–6.4 pmol) and overlaid with the potential ligand.
PTB and raver2 proteins bound in this overlay assay were de-
tected with the respective antibodies. Both experiments showed
strong interaction between the two proteins but no binding toFig. 4. Raver2 shuttles between nuclei in a heterokaryon assay. HeLa
cells were transiently transfected with EGFP fusion constructs of
raver2 (upper panels) and the non-shuttling protein hnRNP-C2 (lower
panels). Cells were fused to murine C2C12 myoblasts and analyzed for
EGFP ﬂuorescence 4 h after fusion (left panels). DAPI staining (center
panels) allows distinction of human (arrows) and murine (arrowheads)
nuclei, since only mouse nuclei contain multiple small dots intensely
stained by DAPI. Phase contrast images of heterokaryons are shown in
the right panels. Bars 10 lm. Note that raver2 is present in human and
murine nuclei demonstrating nucleo-cytoplasmic shuttling in contrast
to the non-shuttling hnRNP-C2.
in overlay; C3: no primary antibody.BSA serving as a non-speciﬁc control. ELISA solid phase
binding assays demonstrated that the interaction between ra-
ver2 and PTB could be saturated irrespective of which of the
two partners had been immobilized (Fig. 5C and data not
shown). Complex formation of raver2 and PTB in cells was
demonstrated in transfection experiments (Fig. 6). Immunoﬂu-
orescence analysis of HeLa cells transfected with an EGFP-ra-
ver2 construct (Fig. 6A) revealed nuclear co-localization with
endogenous PTB, particularly prominent in the perinucleolar
compartment, an RNA-dependent structure characterized by
the accumulation of PTB [19]. A similar co-localization was
also described for raver1 [6]. Upon immunoprecipitation of
FLAG-tagged EGFP-raver2, endogenous PTB isoforms were
speciﬁcally co-precipitated from transfected C2C12 cells but
not from untransfected control cells (Fig. 6B). These data pro-
vide evidence that both proteins can form a functional com-
plex in vivo, which are possibly involved in PTB-dependent
processes.
Fig. 6. Raver2 and PTB colocalize and interact in vivo. (A) Immu-
noﬂuorescence analysis of HeLa cells transfected with an EGFP-raver2
construct (left panel) counterstained for endogenous PTB (center
panel). Merged images (right panel) reveal nuclear co-localization in
the perinucleolar compartment (arrowheads). Bars 10 lm. (B) Immu-
noprecipitation of a FLAG-tagged EGFP-raver2 construct from
transfected C2C12 cells (1) and untransfected controls (2) using anti-
FLAG. Immunoblotting against raver2 (anti FLAG, upper panels)
and endogenous PTB (lower panels) revealed speciﬁc complex forma-
tion between the two proteins.
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Based on sequence similarities within RRMs and its general
domain organization, raver2 is structurally related to raver1.
Both proteins mainly reside in the nucleus but may in principle
shuttle to the cytoplasm. PTB is a common nuclear ligand for
both proteins, suggesting that they may act as modulators of
PTB splicing activity, as has been postulated for raver1 [8].
The diﬀerent expression patterns, however, imply that both ra-
ver proteins have distinct or only partially overlapping cellular
functions during diﬀerentiation: Raver2 expression is mainly
limited to diﬀerentiated neurons and glia cells, while raver1 is ex-
pressed in all cell types examined to date. Signiﬁcantly, translo-
cation of raver1 was observed upon myoblast fusion suggesting
a role of this hnRNP in muscle diﬀerentiation [6]. In contrast to
raver1which also binds to cytosolic proteins, such asmetavincu-
lin and a-actinin, so far we have no evidence for raver2 interac-
tion with cytoplasmic proteins. However, a recent report shows
that RNA binding proteins including hnRNPs only transiently
associate with cytoskeletal proteins in ‘‘spreading initiation cen-
ters’’ (SIC), ribonucleoprotein complexes that speciﬁcally form
during the initial phase of cellular adhesion [20]. A similar sce-
nario of temporary residence in the cytoplasm may also apply
for raver2 and will be further investigated.
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